Introduction
2-Arachidonoylglycerol (2-AG), the major cannabinoid type 1 receptor (CB 1 ) agonist, has an important role in synaptic plasticity, sensation, and behavioral responses, but is also involved in the development of a number of pathophysiological conditions. The major physiological effect of endocannabinoids is analgesia [1, 2] , but 2-AG is also implicated in food intake [3] , as well as in anxiety, stress and fear responses, and movement disorders [4] [5] [6] . In addition, 2-AG levels are altered under ischemia and stroke [7] [8] [9] [10] , traumatic brain injury [11] , obesity [12] , Parkinson's disease [13] , and multiple sclerosis [14] , indicating a possible role for 2-AG under these conditions. The molecular mechanism of 2-AG action is usually associated with fine-tune regulation of synaptic transmission through retrograde short-term plasticity [15] [16] [17] . In this mechanism, post-synaptically released 2-AG is involved in the synaptic regulation of GABA and glutamate release [18, 19] , and allosteric potentiation of GABA [20, 21] . Intriguingly, endocannabinoids including 2-AG are substrates for oxidation by cyclooxygenases, lipoxygenases, and cytochromes P450 [22] , and 2-AG is a source of arachidonic acid for eicosanoid production in brain [23] , indicating possible cross-talk between the endocannabinoid and eicosanoid signaling pathways [22] .
The involvement of brain 2-AG in a number of critical physiological and pathophysiological regulatory mechanisms highlights the importance for an accurate brain 2-AG determination. However, the values reported by different laboratories for basal brain 2-AG levels are inconsistent and vary approximately 280-fold from 90 to 24,600 ng/ gww in rat brain [13, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , and approximately 80-fold from 190 to 15,000 ng/gww in mouse brain [7, 10, 11, 14, [35] [36] [37] [38] [39] . Similarly, the reported data are inconsistent for brain 2-AG alterations under pathophysiological conditions. Some studies have reported an increase in 2-AG upon cerebral ischemia in rodents [7, 10, 11] , although it was reported to be unchanged or have a trend to be decreased in other studies [34, [39] [40] [41] .
A number of variables may contribute to the broad range of the reported brain 2-AG levels including post-mortem 2-AG alterations. It is well known that brain 2-AG levels depend upon the rate of enzymatic synthesis and hydrolysis. 2-AG is produced on-demand at the site of need from phosphatidylinositol (PtdIns) hydrolysis by a phospholipase C (PLC) to diacylglycerols (DAG), and subsequent DAG hydrolysis by a DAG lipase [28, 33] , or through PtdIns hydrolysis by PLA 1 to lyso-PtdIns intermediate, and then by lysophosphatidylinositol-selective PLC (lyso-PLC) [42] . Once produced, 2-AG is rapidly hydrolyzed by mono-acylglycerol lipase (MAGL) [43] [44] [45] [46] and other esterases [47] . Because a number of lipases and phospholipases are rapidly and dramatically activated under acute brain ischemia-injury conditions [48] [49] [50] [51] , a rapid increase in 2-AG production and hydrolysis upon animal euthanasia and/or brain removal from the cranium may contribute to the inconsistency in the reported 2-AG levels. In fact, a rapid approximately tenfold increase in brain 2-AG has been reported 1 min after decapitation as determined in brains extracted from heads soaked in liquid nitrogen [27] . Thus, a fast enzyme inactivation prior to 2-AG analysis may be required to measure true 2-AG basal levels and effect of different conditions on the brain endogenous 2-AG concentrations.
One of the methods to prevent post-mortem tissue alterations is high-energy focused microwave (MW) irradiation to heat-denature tissue enzymes [52] [53] [54] [55] [56] [57] [58] [59] [60] . We, and others, have demonstrated a safe use of MW to prevent brain and kidney eicosanoid postmortem alterations [52-55, 57, 58] . The measurement of another endocannabinoid, N-arachidonoylethanolamine (AEA), in rat brain also requires tissue fixation with MW [61] . However, to the best of our knowledge, this technique has not been previously validated and/or applied to measure 2-AG endogenous basal levels and alterations under brain global ischemia/ hypoxia.
In the present study, we validated MW as a method to prevent postmortem brain 2-AG alterations. We have compared MW to freezing to prevent 2-AG induction, estimated exogenous and endogenous 2-AG stability upon exposure to MW, and measured true 2-AG brain levels under basal conditions and upon exposure to a 5 min of brain global ischemia. Our data indicate that brain tissue fixation with head focused MW is a required technique to measure both basal 2-AG levels and 2-AG alteration under different experimental conditions, and 2-AG is stable upon exposure to MW.
Methods

Animals
All animal use was in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals 8th Addition and approved by the University of North Dakota IACUC (protocol #1111-3). SpragueDawley rats (225-300 g) were provided standard laboratory chow and water ad libitum. 
Tissue Collection and Sample Preparation
Rats were anaesthetized with 3 % isoflurane and euthanized either by decapitation to collect non-fixed tissue (non-MW), or by MW to denature enzymes [52-55, 57, 58] . A head-focused microwave machine (Cober Electronics, Inc., Norwalk, CT, USA) with a rat adaptor was set at 70 % power (5 kW measured output power) for 1.6 s. The final brain temperature was 75-80 °C. In some experiments, decapitated but not exposed to MW intact heads were immediately (within 1-3 s) placed in liquid nitrogen (non-MW fast frozen). In the experiments to validate stability of exogenous 2-AG upon exposure to head-focused microwave irradiation in biological matrix, 2-AGd 8 was infused stereotexically (10 μg/animal, i.c.i., Bregma: −4 mm, Midline: 3 mm, Depth: 3.5 mm) into microwaved brain, and samples were collected 10 min after infusion (MW + infusion) or 10 min after immediate re-exposure to microwave irradiation (MW + infusion + MW). To validate endogenous 2-AG stability under MW conditions, we microwaved brains a second time (MW + MW). For both microwave and non-microwave irradiated animals, the brains were removed and frozen in liquid nitrogen. Time between decapitation and brain freezing was kept at 30 s for all experiments except for freezing intact heads. The brains were pulverized to a homogenous powder under liquid nitrogen before analysis.
Tissue Incubation with 2-AGd 8
To validate endogenous and exogenous 2-AG alteration in tissue homogenate, 10 mg of tissue powder from frozen non-MW brains was spiked with 1 μg of 2-AGd 8 in 50 μL of artificial cerebral-spinal fluid (aCSF, Harvard Apparatus, MA, catalog# 59-7316) and incubated for 30 min at 40 °C and 100 % humidity in 2 mL centrifuge tubes placed in the heated water bath.
2-AG Extraction
The tissue 2-AG was extracted using an acetone liquid/ liquid extraction protocol as we previously described for eicosanoids [53, 62, 63] with the modification that the hexane fraction was collected for MS analysis. Briefly, tissue (approximately 10 mg of homogeneous brain powder) was homogenized in a Tenbroeck tissue grinder(Kontes Glass Co., Vineland, NJ, USA) containing 3 mL of 2:1 acetone:saline with 100 ng of 2-AGd 8 (added with 10 μL of ethanol) as an internal standards. In the tissue incubation experiments, the incubation mixture was transferred into a tissue grinder using acetone followed by saline washes. The 2-AGd 8 internal standard was not used when 2-AGd 8 was injected into the brain or used as a substrate during tissue incubation. The homogenate was transferred to a silanized (Sigmacote, Sigma Chemical Co., St. Louis, MO, USA) screw top tube and centrifuged at 2000g for 10 min. The supernatant was transferred into a new silanized tube and extracted 3 times with 2 mL of hexane. The hexane extracts of 2-AG were combined in a new silanized glass tube. Our preliminary studies indicated a ~95 % of recovery for 2-AGd 8 in the hexane fraction.
The hexane extracts were dried under nitrogen, re-dissolved in 1 mL of acetonitrile, an aliquot was transferred to silanized microvial inserts (Micosolv, Eatontown, NJ, USA, part #9502S-02ND) and mixed with an equal volume of water.
UPLC Separation and MS Analysis
2-AG were resolved on waters ACUITY UPLC HSS T3 column (1.8 µM, 100 Å pore diameter, 2.1 × 150 mm, Waters, Milford, MA, USA) with an ACUITY UPLC HSS T3 precolumn (1.8 µM, 100 Å pore diameter, 2.1 × 5 mm, waters) at a temperature of 55 °C. The LC system consisted of a waters ACUITY Class1 UPLC pump with a FTN sampler manager operated at 8 °C. Ten μL of sample was injected on column.
The separation was based on the UPLC method described previously [58, 64] . Solvent A consisted of water containing 0.1 % formic acid and solvent B was acetonitrile with 0.1 % formic acid. The flow rate was 0.45 mL/min. The initial conditions of 39 % B were held for 0.5 min. Solvent B was increased to 40.5 % over 6.88 min, followed by an increase to 70 % over 1.62 min, then increased to 75 % over 3 min, and further increased to 98 % over 1.5 min where it was held for 5.3 min. Finally, solvent B was returned to initial conditions over 0.2 min to re-equilibrate the column for 2 min. This method allows for 1-AG and 2-AG separation (Fig. 1) . It is well known that 2-monoacylglycerols and 1-monoacylglycerols undergo inter-conversion when the acyl group migrates to a more stable sn-1 position. In the current study, we assumed that endogenous 2-AG and exogenous 2-AGd 8 standard undergo a similar conversion, allowing to correct for this artifact by quantifying against 2-AGd 8 internal standard.
For MS/MS analysis, a triple quadrupole mass spectrometer (Xevo TQ-S, Waters) with electrospray ionization operated in positive ion mode was used. The capillary voltage was 3.29 kV and the cone voltage was 61 V. The desolvation temperature was 500 °C and the source temperature was 150 °C. The desolvation gas flow was 1000 L/h, the cone gas flow was 150 L/h, and the nebulizer gas was at 5.0 Bar. MassLynx V4.1 software (Waters) was used for instrument control, acquisition, and sample analysis.
The analytes were monitored in MRM mode using 379.3/287.7 mass transition for 2-AG, and 387.5/294.4 for 2-AGd 8 . The collision energy was 13 V. 2-AG was quantified using 2-AGd 8 as an internal standard except for experiments where 2-AGd 8 was injected into the brain or used as a substrate during tissue incubation, and the results are expressed as peak areas when analyzed without 2-AGd 8 .
Statistics
Statistical comparisons were performed using a two-way, unpaired Student's t test or ANOVA with Tukey post hoc test using a GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). Statistical significance was defined as p < 0.05. All values are expressed as means ± SD.
Results and Discussion
A Dramatic Postmortem 2-AG Increase Is Prevented by MW but Not by Fast Freezing of Intact Head in Liquid Nitrogen
A number of bioactive lipids, including brain and kidney eicosanoids and ethanolamides, are immediately and dramatically increased upon tissue removal from the animal body [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . One method to prevent these post-mortem tissue alterations is MW to heat-denature enzymes by raising the tissue temperature to 70-80 °C [52] [53] [54] [55] [56] [57] [58] [59] [60] . We, and others, have demonstrated that focused MW is a safe method to prevent a rapid, 30-fold increase in brain and 150-fold increase in kidney prostaglandin mass within seconds upon tissue extraction from the body [52-55, 57, 58] . In addition, MW is required to measure another endocannabinoid, N-arachidonoylethanolamine concentration in rat brain [61] . However, to the best of our knowledge this technique has not been previously validated and/or applied to measure endogenous levels of 2-AG. Thus, we first measured 2-AG levels in fixed with MW brains and compared the levels to non-MW brains or brains removed from intact heads frozen in liquid nitrogen.
As compared to MW brains, 2-AG levels in non-MW tissue were approximately 60-fold higher (Fig. 2) . Importantly, 30 s were required to remove brain tissue from the body before freezing the samples in liquid nitrogen for further analysis. Thus, this data demonstrate a dramatic and almost instantaneous postmortem induction of brain 2-AG, similarly to other bioactive lipids [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Brain removal from the cranium mimics a traumatic brain injury, thus suggesting similar 2-AG alterations under clinically relevant conditions. Consistent with this assumption, 2-AG levels are increased tenfold 4 h after closed head injury [11] . Importantly, 2-AG concentrations measured in MW rat brains are significantly lower compared to the previously reported values ranging from 90 to 24,600 ng/gww in the rat brain [13, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and from 190 to 15,000 ng/gww in the mouse brain [7, 10, 11, 14, [35] [36] [37] [38] [39] where non-fixed brain tissue was analyzed.
Surprisingly, a fast (within 3 s) freezing of the whole non-MW head with an intact brain did not prevent a rapid 2-AG increase and resulted in even higher (approximately 2.5-fold) 2-AG levels compared to the non-MW brains frozen after removal from the heads (Fig. 2) , and was approximately 150-fold higher compared to MW brains. This data may be explained by activation of enzymes producing 2-AG during tissue handling and extraction after removal of the brain sample from the frozen head, or by 2-AG induction upon decapitation. Although we immediately (within 3 s) froze the heads in the liquid nitrogen, the heads do not freeze instantaneously when a thin layer of boiling nitrogen around the head may serve as an insulator.
Alternatively, lower levels of 2-AG in the non-MW brains removed from heads before freezing may be explained by an activation of both 2-AG producing and degrading enzymes with a higher contribution of 2-AG hydrolyzing enzymes as compared to the frozen intact heads. Obviously, brain 2-AG levels depend upon the rate of enzymatic synthesis and hydrolysis. Two pathways may be involved in 2-AG production from PtdIns including hydrolysis by PLC and subsequent DAG lipase [28, 33] , or through hydrolysis by PLA 1 and subsequent lyso-PLC [42] . Produced 2-AG is rapidly hydrolyzed by MAGL [43] [44] [45] [46] and other esterases [47] . Because a number of lipases and phospholipases are rapidly and dramatically activated under acute brain ischemia-injury conditions that are mimicked by brain removal from the body [48] [49] [50] [51] , rapid alterations in 2-AG in both direction may be expected.
Our results are contradictory to the previously published study [27] where 2-AG levels were decreased in the frozen intact rat heads. However, we also report approximately 60-fold higher levels of 2-AG levels in the frozen brains. This may be explained by different methods of analysis (direct LC-MS analysis in our study versus fluorescence detection after two thin layer chromatography and extraction steps in [27] ) or by different tissue handling techniques that may also affect the results in non-MW tissue as discussed above. Independently from the mechanism, this data demonstrates that MW is a safer and more consistent approach to prevent brain 2-AG postmortem induction compared to fast freezing techniques.
MW Does Not Degrade Endogenous or Exogenous 2-AG in the Biological Matrix
Alternatively, a dramatic approximately 60-fold difference in 2-AG levels between MW and non-MW brains (Fig. 2) may be explained by 2-AG degradation in the biological matrix upon exposure to high temperatures caused by MW. Consistent with previously reported data [53, 57, 58, 62, 64] , the applied MW settings raised the brain tissue temperature to 75-85 °C in 1.6 s as measured using a thermocouple. To validate stability of 2-AG under these conditions in biological matrix, we used two alternative approaches.
First, we validated exogenous 2-AGd 8 stability. In this experiment, we exposed rats to head-focused MW to heat denature lipases to prevent enzymatic degradation of 2-AG, and then injected (i.c.i.) deuterium labeled 2-AGd 8 . One group was extracted immediately, and another was subjected to the second MW exposure to test 2-AGd 8 stability. The extracted 2-AGd 8 was analyzed with LC-MS/MS method and peak areas were compared between groups ( Table 1 ). The 2-AGd 8 peak area was not different between groups, indicating that exogenous 2-AG was not destroyed in the biological matrix upon exposure to high energy MW.
Second, we validated endogenous 2-AG stability upon MW. In this experiment, we analyzed endogenous 2-AG levels in the rat brain after the first (to prevent endogenous 2-AG induction during tissue handling) and second exposure to MW ( Table 1 ). The basal 2-AG levels were unchanged after the second MW, once again supporting the 2-AG stability under exposure to MW.
Together, these data indicate that MW does not destroy 2-AG and is a safe approach to fix tissue before 2-AG analysis. To validate stability of exogenous 2-AG upon exposure to head-focused microwave irradiation in biological matrix, 2-AGd 8 was infused stereotexically (i.c.i., 10 μg/animal) into microwaved brain. 2-AGd 8 was extracted 10 min after infusion (MW + infusion) or 10 min after re-exposure to microwave irradiation to validate 2-AG stability (MW + infusion + MW). The 2-AGd 8 recovery upon MW was calculated as a ratio of peak areas between MW + infusion + MW and MW + infusion. Statistical significance was calculated for peak areas (data not shown). The stability of endogenous 2-AG was validated by comparison of 2-AG levels in microwaved tissue before (MW) and after (MW + MW) second exposure to MW irradiation AV average, SD standard deviation, N/S not statistically different, n = 4 
2-AG Is Rapidly Produced and Hydrolyzed in Non-MW Brain Tissue
To further confirm activation of both induction and degradation of 2-AG in the non-MW postmortem brains, we spiked 2-AGd 8 (10 μg per 10 mg of non-MW brain tissue powder) and analyzed 2-AG before or after incubation of brain tissue at 40 °C, 100 % humidity for 30 min (Fig. 3) . The levels of exogenous 2-AGd 8 were approximately 130-fold decreased upon incubation, indicating an activation of 2-AG hydrolyzing enzymes. A number of cytosolic hydrolyzes can degrade 2-acylglycerols, including monoacylglycerol lipase [46] and other esterases [47] . However, the endogenous 2-AG levels were significantly increased by 51 % upon incubation, probably through activation of phospholipases, triacylglycerol, and DG lipases [28, 33, 42] . These data clearly indicate two independent enzymatic activities in a non fixed brain tissue that is difficult to account for, and both processes may have impact on the quantitative results both in vitro and in vivo.
Head-Focused Microwave Irradiation Is Required to Measure Brain 2-AG Alterations Under Brain Global Ischemia
Because both 2-AG induction and degradation pathways are activated in the non-MW postmortem brain tissue removed from the cranium (Fig. 3) , the measured 2-AG levels may be increased or decreased in the ischemic non-MW brains depending upon the handling time and extraction conditions. Indeed, brain 2-AG levels were reported to be increased upon cerebral ischemia in rodents [7, 10, 11] , although it was reported to be unchanged or have a trend to be decreased in other rodent studies [34, [39] [40] [41] .
To address this contradiction, we analyzed 2-AG levels in ischemic brains with or without MW fixation (Fig. 4) . To model brain global ischemia, mouse brains were analyzed 5 min after decapitation [52, 53, 55, 64, 65] . Significantly, 2-AG levels were increased approximately 3.5-fold in the ischemic brains analyzed in the fixed tissue, while they were approximately decreased twofold when analyzed without fixation. Importantly, the basal levels were approximately 60-fold lower in the fixed tissue (Figs. 2 and 4) . These data clearly indicate the importance of brain tissue fixation with head focused microwave irradiation not only for basal 2-AG analysis, but also for measurement of true 2-AG alteration under different experimental conditions including global brain ischemia. In summary, our data indicate a significant activation of both 2-AG producing and degrading pathways in the brain upon ischemia/injury mimicked by brain removal from the cranium that is prevented by MW; and the importance for brain tissue MW fixation to measure true basal 2-AG levels and alterations under different experimental conditions including global brain ischemia. Applying MW brain tissue fixation, we demonstrated, for the first MW is required to measure 2-AG alterations under ischemia/ injury. Rat brain 2-AG levels were analyzed immediately after decapitation (control) or after incubation of decapitated heads at 40 °C for 5 min (ischemic). Before decapitation, brain tissue was fixed with head focused microwave irradiation (Microwaved) or processed without fixation (non-Microwaved). 2-AG was analyzed using UPLC-MS/MS analysis as described in the "Methods". Values are means ± SD, n = 3. *Statistically different (p < 0.05) time, an instantaneous and dramatic approximately 60-fold increased in brain 2-AG levels upon brain ischemia/injury mimicked by brain removal from the cranium, and 3.5-fold induction under global brain ischemia.
